In the iron-based high-T c bulk superconductors, T c above 50 K was only observed in the electron-doped 1111-type compounds. Here we revisited the electron-doped SmFeAsO polycrystals to make a further investigation for the highest T c in these materials. To introduce more electron carriers and less crystal lattice distortions, we studied the Th and F codoping effects into the Sm-O layers with heavy electron doping. Dozens of Sm 1-x Th x FeAsO 1-y F y samples were synthesized through the solid state reaction method, and these samples were carefully characterized by the structural, resistive, and magnetic measurements. We found that the codoping of Th and F clearly enhanced the superconducting T c than the Th or F single-doped samples, with the highest record T c up to 58.6 K when x = 0.2 and y = 0.225. Further element doping caused more impurities and lattice distortions in the samples with a weakened superconductivity.
Since the discovery of superconductivity in LaFeAsO 1-x F x with a superconducting transition temperature (T c ) of 26 K, extensive research efforts have been devoted to exploring similar materials due to the relatively high T c , very high values of upper critical field and the similarity to the cuprates. [1] [2] [3] [4] By changing the superconducting layers and/or the blocking layers, several new types of iron based superconductors were discovered with the general formulas of 1111-type, 122-type, 111-type, 11-type, etc.. [1, [5] [6] [7] In all these compounds, the 1111-type superconductors have been always holding the record for T c in bulk materials with several reports from 55 K to 58 K in doped SmFeAsO or GdFeAsO. [3, [8] [9] [10] Among 122-type superconductors, T c for hole-doped BaFe 2 As 2 samples is usually below 38 K, while high-T c above 40 K was observed in surface electron-doped Ba(Fe 1-x Co x ) 2 As 2 , and in some rare-earth doped Ca 1-x RE x Fe 2 As 2 superconductors (RE = rare earth elements), such as 49 K superconductivity in Ca 1-x Pr x Fe 2 As 2 . [5, 11, 12] In 111-type superconductors,
LiFeAs shows superconductivity at 18 K, while T c of NaFeAs can reach 31 K at 3
GPa. [6, 13] The 11-type FeSe becomes superconducting at approximately 8 K while 37 K under high pressure. [7, 14] By intercalation of alkali metals into FeSe, superconductivity above 40 K was obtained and a T c of 48 K was found in K 0.8 Fe 1.7 Se 2 at a high pressure. [15, 16] Interestingly even higher T c up to 100 K was also reported for monolayer FeSe thin films. [17] Besides, several other types of iron based superconductors were also found albeit with lower T c , such as Sr 4 [18] [19] [20] [21] [22] [23] [24] [25] The parent compounds of these iron pnictides are usually bad metals with structural and antiferromagnetic transitions at low temperature, and chemical doping or external pressure are the common ways to induce superconductivity in them. As the only type with high T c above 50 K, the 1111-type bulk superconductors have been widely studied to achieve a record T c by various doping methods, external pressure or synthesizing techniques. [8, 26, 27] After the first reported LaFeAsO 1-x F x with T c around SmFeAsO 1-δ by a high-pressure synthesis method. [3, 8] [26, 31, 32] Moreover, superconductivity at 57.8 K was found in SmFeAsO 1-x F x film grown by molecular beam epitaxy. [33] Recently, several groups found that low temperature sintering and slow cooling techniques could introduce high F doping levels with T c enhanced up to 58 K in SmFeAsO 1-x F x . [10, 34, 35] Considering the elements doping by Th or F both can introduce electron carriers into the Sm-O layers while keeping intact for the Fe-As layers, here we revisited the Finally the quartz tubes were cooled in the furnace after shutting off the power.
The samples were characterized by powder X-ray diffraction (XRD) method on a PAN-analytical X-ray diffractometer with Cu-K α radiation at room temperature for crystal structure determination and chemical phase analysis. The temperature dependence of resistivity was measured by the standard four-probe method using a PPMS system (Physical Property Measurement System, Quantum Design). The temperature dependence of DC magnetic susceptibility was measured using an MPMS system (Magnetic Property Measurement System, Quantum Design).
To examine the Th and F codoping effects in the 1111 phase, all the (102) diffraction peak to the higher angle with increasing Th and F doping indicates the decrease of the lattice constants, and confirms the electron doping.
In Fig. 2 we show the temperature dependence of resistivity for some typical To further elucidate the superconducting properties, the relationships for the lattice parameters a and c, the superconducting T c versus the nominal electron doping level n for all the Sm 1-x Th x FeAsO 1-y F y samples were summarized respectively, as plotted in Fig. 4 . Along doping when n < 0.3, the crystal structure has a quick shrinkage along both a-axis and c-axis, and the T c also rises rapidly with the increase of doping level. The codoping effects are similar to the previous report of low-level doping, [27] while with a higher T c . When n > 0. 
